INTRODUCTION
In the last decade, the interest to develop paper-based analytical platforms has grown exponentially.
Their low-cost, availability of different fabrication techniques, safe disposal, low consumption of reagents and sample, high potential for remote use, and capability to provide semi-quantitative results for a series of analytes are some of the top reasons behind the success of microfluidic paper-based analytical devices (µPADs).
1-5 Furthermore, since their initial development, µPADs have been employed for a variety of applications including immunoassays, 6 environmental monitoring, 7, 8 bioterrorism, 9 and urinalysis. 3, 10 While there are many detection methods for µPADs, such as electrochemical, 11 transmittance, 12 electrochemiluminescence, 13 chemiluminescence, 6, 14 and fluorescence; 9, 15 colorimetric detection [16] [17] [18] [19] has been the most widely adopted technique for µPADs. The success of this detection method can be attributed to the simplicity of the final response, which can be converted to a semiquantitative numerical value using a calibration curve obtained with an image from a cellphone camera or portable scanner. Most often, these assays are based on the selective oxidation of the analyte followed by a peroxidase-based reaction 20 that catalyzes the oxidation of a chromogenic agent 21, 22 that yields to a color change. 23 Although there are several drawbacks associated with this technology, the most remarkable one is the heterogeneity of the color distribution in the detection zones. This issue, which can be attributed to the mobility of enzymes and reagents towards the edge of the detection zone when the sample wicks up the hydrophilic channels, can result in increased variability and poor judgment of the final color by the user. 1, 24 Several strategies can be adopted to overcome this problem, including controlling the volume of reactants and the sample's wicking velocity. 25 Among those directed to the immobilization of the enzymes via chemical modification to the cellulose [26] [27] [28] it is worth mentioning the addition of succinic anhydride, 29 sodium periodate, 30 or 3-aminopropyltrimethoxysilane (APTES). 31 These modifications result in the formation of carbonyl, aldehyde, or amino groups than can be used to permanently immobilize enzymes using covalent bonds and well-known conditions. µPADs can also be modified using ceria nanoparticles, 22 gold nanoparticles, 32 silver nanoparticles, 33, 34 and carbon nanotubes 35, 36 to aid with the detection step. Although each of these strategies presents their own advantages, they are not widely applicable and require the implementation of specific processes. Aiming to address these shortcomings, the hypothesis of this project was that silica nanoparticles, trapped within the structure of the cellulose, could provide a simple and efficient way to immobilize the components of the analysis and therefore improve the overall performance of colorimetric detection on µPADs. Due to their clinical relevance 17, 37, 38 the experiments herein described were focused on the analysis of lactate, glucose, and glutamate in artificial urine; providing a non-invasive and highly abundant sample to assess the effectiveness of the proposed strategy. The ellipsometry experiments were performed using standard <111> silicon wafers (Si/SiO 2 , Sumco
EXPERIMENTAL SECTION
Corporation; Phoenix, AZ) that were scored using a computer-controlled engraver (Gravograph IS400, Gravotech; Duluth, GA). The substrates were then manually cut (1 cm in width and 4 cm in length), Epilog Laser Systems; Golden, CO) was used to cut the paper and produce the µPADs. Details about the system and its capabilities can be found elsewhere. 41 This system was connected to an air filter (model AD350, BOFA; Staunton, IL), equipped with a HEPA / activated aluminum / potassium permanganate and an activated carbon panel to remove fumes from the engraver. To minimize the risk of ignition of the paper during the cutting process, a stream of N 2 was impinged on the engraving point. The layout for the µPAD was designed using CorelDraw X6 and cut using 600-dpi resolution, 30% power, and 30% speed.
This process resulted in the ablation of the edge of the microfluidic design and the creation of a hydrophobic boundary. 16 To gain insight about the density and distribution of the SiO 2 nanoparticles on the paper, scanning electron microscopy (SEM, JEOL/EO, JSM-6510; Peabody, MA) was used. Analyst Accepted Manuscript -1 , dissolved in EtOH and kept in the fridge covered in aluminum foil to refrain from light) 42 was selected as the chromogenic agent.
Enzymatic
The µPADs were modified with silica nanoparticles (vide infra) and then thoroughly rinsed with PBS (pH = 6.0) to remove the excess particles from the surface of the paper. Afterwards, 1 µL of the solution containing the selected enzymes was spotted on the detection zone and dried at room temperature for 15 min. Next, 1 µL of the solution containing the selected chromogenic agent was spotted on the detection zone and dried at room temperature for another 15 min. Finally, solutions containing the analytes (10 µL)
were introduced to the µPADs at the bottom extremity of the center channel and allowed to reach the detection zones by capillarity. After 30 min, an image of the device was acquired using a flatbed scanner (Canon, CanonScan Lide700F) and then analyzed using Adobe Photoshop CS6.
Artificial Urine Sample.
In agreement with previous reports, 11, 16, 43 the artificial urine was prepared at pH = 6.0 and comprised of 2 mM citric acid, 25 mM sodium bicarbonate, 170 mM urea, 2.5 mM calcium chloride, 90 mM sodium chloride, 2 mM magnesium sulfate, 10 mM sodium sulfate, 7 mM sodium phosphate monobasic anhydrous, 7 mM sodium phosphate dibasic anhydrous, and 25 mM ammonium chloride. This solution was stored in the refrigerator (4 o C) until use.
Spectroscopic Ellipsometry.
Ellipsometric experiments, used to investigate the enzyme adsorption process to a SiO 2 substrate, were performed using a variable angle spectroscopic ellipsometer (WVASE, J.A. Woollam Co.; Lincoln, NE) following a procedure described elsewhere. [44] [45] [46] The collected data (amplitude ratio (Ψ) and phase difference (Δ) as function of wavelength or time) was modeled using the WVASE software package (J.A. Woollam Co.; Lincoln, NE) and the mean square error (MSE, calculated by a built-in function in WVASE) was used to quantify the difference between the experimental and model-generated data. In agreement with previous reports, MSE < 15 were considered acceptable. 45, 47 The ellipsometric measurements were interpreted using an optical model that considered the dielectric properties of Si (bulk, d = 1 mm) and SiO 2 (d = 2.1 ± 0.5 nm). A standard Cauchy function was added to describe the optical properties of the APTES layer (d = 0.89 ± 0.06 nm). 48 Finally, and when pertinent, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript optical properties of the enzyme adsorbed on the substrates were also described with an additional Cauchy function. Dynamic adsorption experiments, performed to determine the adsorption time, were carried out in a modified electrochemical cell (J.A. Woollam Co.; Lincoln, NE) mounted directly on the vertical base of the ellipsometer, with an incident angle of 70°. First, a spectroscopic scan of either the silica wafer (Si/SiO 2 ) or the silica wafer modified with APTES (Si/SiO 2 /APTES) was measured (from 300 to 800 nm, with 10 nm step) by placing the substrate in the ellipsometry cell using buffer solution (100 mmol·L -1 PBS, pH=6.0) as the aqueous medium. Next, the adsorption experiment was started recording a baseline while buffer solution was pumped with a peristaltic pump (Gilson Minipuls 3; Middleton, WI)
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inside the cell at a rate of 1 mL·min -1 . After 20 min of baseline, the enzyme solution was injected to allow the absorption of a monolayer of GOx on the substrate surface. When a plateau in the signal was noticed, the buffer solution was pumped again into the cell for 20 minutes in order to evaluate the stability of GOx layer formed on the substrate. Lastly, a spectroscopic scan was performed to obtain the thickness of the enzyme layer; which allows calculating the change in thickness and adsorbed amount of GOx during the dynamic adsorption experiment.
RESULTS AND DISCUSSION
Based on the current literature, it is clear that µPADS represent one the most powerful tools in the field of modern chemical analysis. However, the poor uniformity and homogeneity associated with colorimetric measurements represent some the most important shortcomings of this technology. Aiming to solve this problem, SiO 2 nanoparticles were modified with amine groups, immobilized with the structure of the paper, and used to support the enzymes required for the selected tests. Therefore, the experiments herein described address the criteria used for the selection of the conditions for the modification of the nanoparticles, the adsorption of the enzyme, and the evaluation of the resulting analytical devices.
Modification and deposition of the SiO 2 nanoparticles.
In order to enhance the protein adsorption process and their immobilization to the cellulose, a silane-coupling reaction was carried out to introduce amine groups on the surface of the silica nanoparticles. Although previously applied for the detection of IgG using micro-zones plates, silica microbeads modified with this reaction have increased the adsorption Analyst Accepted Manuscript of proteins by 20-700%. 49 For this reaction, a solution of 5% (v/v) APTES was first prepared in ethanol.
Then, 3.3 mg of the SiO 2 nanoparticles were added to the solution and thoroughly mixed to form a uniform suspension that was placed on an orbital shaker. Because a number of variables can affect the density of amine groups 50, 51 and the subsequent adsorption of the enzymes to the SiO 2 surface, 52 the effect of the time of contact between nanoparticles with APTES solution on the color intensity and color gradient was first investigated. For these experiments, the SiO 2 nanoparticles were mixed with the APTES solution and vortexed for different periods of time, ranging from 1 to 24 hours. Then, µPADs were immersed in the nanoparticle suspension, dried at room temperature and modified using the protocol for glucose assay as described earlier.
The results are summarized in Figure 1A . As it can be observed, the modification time has significant effects on the color intensity but almost no effect on the color gradient (within the experimental error). These results could be attributed to a balance between the amount of protein adsorbed to the surface of the nanoparticles and the strength of the interaction. While at short reaction times there may not be enough groups on the surface to support the enzyme dispensed, longer reaction times could render the surface too hydrophobic; therefore inducing conformational changes in the adsorbed enzyme and resulting in lower catalytic activities. Considering these results, particles modified for 3 hours were used for the remaining experiments described in this manuscript.
These nanoparticles were deposited on the surface of the µPAD via two different methods, either by dispensing the suspension using an automatic pipette or by immersion. It was observed that when particles (1 µL of a suspension) were deposited on the surface of the µPAD using a pipette, they remained around the application point (data not shown). This behavior was attributed to the fact that even small aggregates of the nanoparticles cannot move through the three-dimensional structure of the cellulose and therefore tend to accumulate at the seeding point. In order to achieve a uniform distribution of the nanoparticles, µPADs were placed on a Petri dish, covered with a suspension of the nanoparticles, and then left until the complete evaporation of the solvent (around 30 min). Before their use, the µPADs were rinsed with PBS to remove loosely-bound nanoparticles. Figure 1B shows a representative SEM image of the detection zone after the modification with the SiO 2 nanoparticles. Considering that the most homogenous distribution of nanoparticles would lead to a more homogeneous distribution of the enzymes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript (and, consequently, better color uniformity), µPADs prepared by immersion were used for the remaining experiments described in this manuscript. 
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Adsorption of GOx onto SiO 2 and SiO 2 /APTES Substrates. Being crystalline and highly charged,
bare SiO 2 surfaces only allow for the adsorption of certain proteins. [53] [54] [55] [56] Therefore, and in order to increase the adsorption capacity of the surface, a modification with APTES was implemented. In order to determine the time required for the enzymes to saturate the surface and estimate the amount of protein immobilized, dynamic adsorption experiments were performed using GOx as the model enzyme.
Although the curvature of the surface can also play a key role in the activity of the adsorbed protein, 57, 58 the surface of the SiO 2 nanoparticle was mimicked using silica wafers, which were also modified using the procedure described for the nanoparticles. In order to prevent potential desorption of the enzyme upon the interaction with the urine sample, adsorption experiments were performed at pH = 6.0. Figure 2 shows a representative example of the dynamic adsorption experiments performed with GOx onto either the silica surface before (Si/SiO 2 ) or after the modification with APTES (Si/SiO 2 /APTES). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript As it can be observed for both cases, the adsorption proceeds as a fast process and gradually slows down as the surface coverage increased. It is important to note that while fast initial adsorption rates were obtained with both surfaces, significantly higher amounts were adsorbed upon the modification with APTES. For the case of the bare SiO 2 surfaces, the initial adsorption process (dΓ/t 0 = 0.4 ± 0.1 mg·m 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript enzyme remained on the surface (within the timeframe of the experiment) after a washing step, therefore supporting the possibility to use adsorption as the immobilization method.
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The difference in the behavior observed at both surfaces can be related to the nature of the physicochemical interactions between the enzyme molecules and the solid surface. In general, the adsorption process is driven by short-and long-range forces resulting from a combination of electrostatic interactions between the protein and the solid surface, 60-62 co-adsorption of small ions, dispersion forces, changes in the state of hydration of the sorbent surface and parts of the protein molecule, and structural rearrangements in the protein. [63] [64] [65] [66] Consequently, the differences in thickness and adsorbed amount observed between the Si/SiO 2 and Si/SiO 2 /APTES substrates can be explained considering the role of electrostatic interactions. At pH = 6 (the working pH), both the GOx (IEP = 4.2 67 ) and SiO 2 surface (IEP = 2.0 68 ) were negatively charged resulting in the adsorption process being limited by electrostatic repulsions between the surface and the protein as well as between proteins. On the other side, when the surface was modified with APTES (IEP = 7.4 69 ) the electrostatic interactions between the protein and the surface were neutralized, resulting in a higher density of GOx on the surface. While these experiments were performed with GOx, the similar structure of LOx and LGOx 70, 71 suggests that a similar behavior can be expected with the other enzymes.
Analytical Performance.
In order to demonstrate the advantages of the proposed approach on the analytical performance of µPADs, the color intensity and uniformity of three enzymatic reactions was evaluated. For this purpose, lactate, glucose, and glutamate were selected as target analytes. Since the kidneys normally reabsorb them, no lactate or glucose are excreted into the urine when present in plasma at normal levels. However, high levels of lactate (above 2.5 mM) can be found in patients with glycogen storage disease type-I and may indicate that the liver may not able to convert enough glucose from glucose-6-phosphate. 72, 73 As it is essential to manage and control diabetes 72 and affects millions of patients worldwide, glucose is one of the most assayed molecules. Elevated urinary glutamic acid levels have been associated with a 4-fold higher risk for migraines in females. 74 Beyond their clinical relevance, the three selected reactions are catalyzed by enzymes with well-known properties, and use a simple, oxygen-dependent reaction that produces H 2 O 2 .
agent in a secondary reaction catalyzed with HRP. 76 The enzymatic tests were performed on paper devices either with or without nanoparticles and prepared as described in the experimental section. As it can be observed in Figure 3 , significant improvements in the signal intensity and color homogeneity were obtained when silica nanoparticles were used to support the enzymes. As previously hypothesized, the improvements in both intensity and uniformity can be explained by considering that silica nanoparticles, trapped within the three-dimensional structure of the cellulose, can provide a solid surface to immobilize the enzymes and therefore minimize the transport of the reactants as the solution wicks the device. Besides the visual evidence, the images were analyzed to obtain quantitative information of the effect of SiO 2 nanoparticles on the color intensity and homogeneity. It was observed (see Supplementary   Information ) that the addition of SiO 2 nanoparticles yielded improvements in color intensity (when compared with the same reaction on native paper) of 92%, 46% and 61% for the detection of lactate, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript glucose, and glutamate tests, respectively. These values are related to the gain in color intensity taking into account the values recorded on native paper by calculating the percent difference. Although the addition of nanoparticles reduced the color gradient by 75% for the glucose assay, only slight improvements were obtained for the lactate and glutamate assays. This difference can be attributed to the poor color formed in the lactate and glutamate assays in the absence of the nanoparticles, therefore skewing the results.
Calibration curves using nanoparticle-modified µPADs were then generated by sequentially spotting the reaction-zones with the reagents for lactate, glucose, and glutamate, and then mixtures of the corresponding analytes at different concentration levels. Measurements were performed at least three times and the mean intensity and relative standard deviations are shown in Figure 4 . In general it can be observed that within the investigated concentration range (0-10 mM), higher concentrations led to higher color intensities. Under the optimized conditions also, linear relationships were obtained between the concentration and the resulting color intensity for lactate (0.63 -3.75 mM), glucose (0.5 -10 mM), and glutamate (0.25 -7.50 mM). The limits of detection (LOD), calculated as the lowest concentration leading to a signal that was proportional to the concentration of the analyte and with a magnitude of at least three times the standard deviation of the blank, were 0.63 mM, 0.50 mM, and 0.25 mM for lactate, glucose, and glutamate, respectively. In agreement with the trend shown in Figure 3 , control calibration curves performed for each analyte on devices fabricated without SiO 2 nanoparticles yielded to lower sensitivity values and were significantly affected by signal heterogeneity (data not shown). It is also important to highlight that while several batches of the µPADs were used to collect the data reported in this manuscript, no statistical difference was observed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Analyses in Artificial
Urine. The utility of the proposed µPADs for the quantification of lactate, glucose, and glutamate levels in artificial urine samples was also investigated considering the clinicallyrelevant levels of lactate, glucose, and glutamate in urine. 17, 38, 77 For these experiments, the artificial urine (prepared as described in the Experimental Section) was spiked with relevant concentrations of lactate (2.14 mM), glucose (7.33 mM), and glutamate (4.21 mM)and analyzed on µPADs modified with SiO 2 nanoparticles. As it can be observed in Figure 5 , the proposed µPADs allowed the simultaneous analysis of the three analytes after the 30 min reaction. The color developed in each detection zone fell within the expected color intensity, calculated from each respective linear equation. Specifically, lactate was expected to have an intensity of 52 AU and the actual intensity was 58 ± 7 AU; glucose expected intensity was 66 AU and it read 71 ± 7 AU; and glutamate was expected to develop an intensity of 49 AU and read acceptable for the goals of the proposed project. 
CONCLUSIONS
This current study has described a simple and rapid process to modify µPADs with SiO 2 nanoparticles.
The devices were fabricated using a CO 2 laser engraver and then immersed in a suspension containing the APTES-modified silica nanoparticles. These particles, trapped within the structure of the cellulose, served as a solid support to immobilize the enzymes responsible for the colorimetric reaction. By significantly improving the color intensity and color uniformity, the addition of these nanoparticles allows overcoming one of the major drawbacks of colorimetric detection on µPADs. The platform was successfully applied to the qualitative (presence) and semi-quantitative analysis of lactate, glucose, and glutamate in urine samples. As such the devices can provide a strong platform to perform point-of-care testing in communities with limited resources. Furthermore, it is expected that other nanoparticles or nanomaterials will also allow the development of additional biochemical assays. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript
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